Adaptively limiting image acquisition to areas of interest will allow more efficient data acquisition time for in-depth characterization of areas of brain activation. We designed and implemented an adaptive image acquisition scheme that uses a multiresolution-based strategy to zoom into the regions of cortical activity. Real-time pulse prescription and data processing capabilities were combined with spatially selective radiofrequency encoding. The method was successfully demonstrated in volunteers performing simple sensorimotor paradigms for simultaneous activation of primary motor and cerebellar areas. We believe that real-time adaptation of spatial and temporal sampling to taskrelated changes will increase the efficiency and flexibility of functional mapping experiments. Contrast-tonoise analysis in selected regions-of-interest was performed to quantitatively assess the multiresolution adaptive approach.
INTRODUCTION
Functional MRI (fMRI) contains valuable information for neuroscientific research and clinical applications, and various situations demand high spatial or temporal resolution in data acquisition. Somatotopic functions (Schneider et al., 1993; Nitschke et al., 1996; Kleinschmidt et al., 1997) as well as high-order cognitive processes (Kim et al., 1997) have been studied with submillimeter spatial resolution. High spatial resolution is also desirable in neurosurgical planning to distinguish the ''salvageable'' eloquent areas of interest from a tumor or other targets of surgical intervention (Schulder et al., 1997; Sperling et al., 1998) . Subsecond temporal resolution has been necessary to study the event-related fMRI signal (Schad et al., 1995; Zahran et al., 1997; Rosen et al., 1998) and to model hemodynamic response during event-related tasks (Ernst and Hennig, 1994; Merboldt et al., 1995; Cohen, 1997; Glover, 1999) .
Previous fMRI studies conducted with high temporal or spatial resolution have been limited to a few selected locations. Such strategies involved repeated imaging of only a single section (Belliveau et al., 1991; Ogawa et al., 1992; Frahm et al., 1993; Ernst and Hennig, 1994; Merboldt et al., 1995; Jesmanowicz et al., 1998) or a slab of regularly spaced sections (Allen et al., 1997; Wildgruber et al., 1997; Zarahn et al., 1997; Glover, 1999) . In choosing the volume-of-interest (VOI) for these studies, a priori decisions about the location of activation were made based on anatomic data acquired prior to the functional imaging session. The functional scout method (Goodyear et al., 1997) that was proposed for dynamic region-of-interest (ROI) selection provides some degree of immediate mapping of the cortical function by combining on-line averaging with phase cycling synchronized with the task paradigm. The real-time fMRI approach of Cox et al. (1995) , which provides on-line statistical processing and display of functional data, presents an even greater capability for informed targeting of VOIs.
To achieve high spatial and/or temporal resolution in regions of functional activation, we present a real-time ''adaptive'' functional MRI method based on spatially selective radiofrequency (RF) encoding. In previous work, we have proposed RF encoding for adaptive multiresolution imaging (Panych and Jolesz, 1994) , which enables zooming into certain regions-of-interest as they become evident during the course of an experiment. Applying this approach to fMRI, areas of activation can be selectively explored in real time at increasingly higher spatial and temporal resolution, or a combination of both, depending on the specific goals.
We recently applied the RF encoding technique for functional brain mapping with slices of variable thickness irregularly distributed throughout the brain (Yoo et al., 1999) . In this earlier work, RF encoding provided the flexibility that allows slice location and thickness to be modified dynamically to simultaneously target specific motor and visual areas of interest. In the current work, real-time MR data processing and control, whose utility has already been demonstrated in cardiac (Kerr et al., 1997) and functional studies (Cox et al., 1995) , were combined with the RF encoding technique for the first implementation and demonstration of real-time adaptive fMRI. Preliminary results were reported elsewhere (Yoo et al., 1998a, b ).
Here we demonstrate the flexibility and versatility of the method using a sensorimotor activation paradigm implemented with an interleaved EPI sequence on a conventional MR system. The hardware configuration and real-time adaptive algorithm are shown. In addition to the real-time fMRI experiments, a separate experiment without real-time feedback was performed. Regions-of-interest were analyzed in terms of BOLD signal and noise to quantitatively assess the validity of our adaptive multiresolution approach.
METHODS
The basic idea of the adaptive multiresolution approach in fMRI is that the regions of activation, however they are distributed throughout the brain, can be selectively detected in multiple stages at progressively higher resolution, while ignoring quiescent regions and zooming only into the regions of activation. Efficient volume selection is necessary. RF encoding based on spatially selective excitation enables adaptive volume selection by manipulating the shape and phase of the RF pulse waveform. Using RF encoding, any VOI can be excited that can be represented by a combination of basic volume elements such as planes, strips, and lines. Technical details of RF encoding were introduced in our previous work Yoo et al., 1999) .
In this adaptive multiresolution approach, the scan session was divided into several stages where we dynamically changed which volume elements to excite, based on the results from the real-time functional processing. We used planes with variable thickness as the basic volume elements to encode the volume. At the end of each stage of imaging, new RF pulse waveforms were computed according to the operator's prescriptions regarding new target locations, and the waveforms were transferred to the imager for the next stage of scanning. Two different sets of experiments were conducted. The purpose of the first set of experiments was to demonstrate the flexibility of the real-time adaptive approach. The purpose of the second set was to provide an objective means to evaluate the multiresolution approach.
Real-Time Adaptive Functional MRI Studies
The adaptive scheme adopted in the study included five stages, calling for operator interaction between each stage (Fig. 1) . The operator was able to observe the evolution of the functional correlation maps over the course of the experiment and switch from one imaging stage to the next, by selecting slices-of-interest for further study. Imaging and real-time analysis proceeded to the next stage.
To demonstrate the flexibility of real-time adaptive fMRI, the subjects executed an easy and well-characterized finger tapping task, which was expected to simultaneously activate both cerebral and cerebellar areas (Courchesne et al., 1994; Allen et al., 1997) . For the purposes of this demonstration, we concentrated on the detection of primary sensorimotor cortex and deliberately neglected other telencephalic areas involved in motor control, such as the supplementary motor and premotor cortices. The primary sensorimotor cortex and the cerebellar motor area of activation are at a relatively large distance from each other and serve to demonstrate the flexibility of the adaptive, multiresolution approach.
Periods of self-paced sequential finger opposition of the right hand were alternated with resting periods. In order to limit possible adaptation during the task performance and ensure consistent cerebellar activation, the sequence of finger opposition was reversed upon completion of every other set of finger-opposition tasks (Jenkins et al., 1994; Kawashima et al., 1994; Allen et al., 1997) . Ten sets of images for each epoch (on/off cycle) were acquired. Epochs were acquired at each level of slice thickness until the expected activation areas in the contralateral (left) motor cortex as well as in the ipsilateral (right) cerebellar motor area (Allen et al., 1997) were detected by real-time correlation analysis (Cox et al., 1995) .
Initial functional maps of eight contiguous slices covering both anatomical areas of interest, pre-and postcentral gyri and cerebellum, were generated. The operator then selected four slices demonstrating taskrelated activation for further mapping in the second stage. In the third stage, two of the slices from the second stage were explored at increased spatial resolution in the slice direction; that is, each original slice was imaged as two contiguous slices, with half the thickness. For the fourth stage, two slices from the third stage were chosen for further exploration at the highest resolution (2.5 mm thick). Finally, in the fifth stage, three slices were selected at multiple resolutions (5-and 10-mm slice thicknesses).
Functional MRI Studies at Multiple Resolutions
To evaluate the multiresolution approach in throughplane direction, three separate non-real-time studies were performed using the same motor task (finger clenching in right hand), but changing the slice thickness for each study. Fifty image sets were obtained for each study with three control periods interleaved with two periods of task activation. Axial slices were prescribed to image most of the primary motor areas that are inferior to the superior apex of precentral gyrus in sagittal anatomical images. Slice thickness was set at 3, 6, and 12 mm for these functional studies while the subject stayed motionless in the scanner. In each session, eight slices were encoded to maintain the same temporal resolution. Images were prescribed in order to resolve the top two 12-mm-thick superior slices into four 6-mm-thick and subsequently into eight 3-mmthick slices.
Subjects and Image Acquisition
The real-time functional mapping of a motor activation paradigm was performed on two male subjects (ages 29 and 32) in the multistaged, multiresolution adaptive scan sessions. Non-real-time motor studies were performed on two male subjects (ages 28 and 48 years) where the motor area had been previously identified. Data were then acquired at three different slice thicknesses in three separate sessions. All subjects gave written informed consent in accordance with the institutional IRB.
Imaging was performed using a 1.5-T MR system (GE Medical Systems, Milwaukee, WI) with a standard quadrature bird-cage head coil for RF transmission and detection. In order to restrict head motion, a vacuumpillow (S&S X-ray Products, Brooklyn, NY) was molded
FIG. 1.
A schematic illustration of an adaptive fMRI algorithm. Left column indicates the slice-selective profiles for coronal slices. The black circles in the brain region refer to the ROIs that are in the primary motor cortex and cerebellum. The right column indicates the number of encoded slices, slice thickness, temporal resolution, and time taken to complete each stage. All scanning was done using a multishot EPI sequence on a 1.5-T imaging system with standard gradient hardware.
around the subject's head. Prior to beginning real-time imaging, spin-echo T1-weighted sagittal slices (7-12 contiguous slices, TE/TR 10/700 ms, 5-mm thickness, 1 NEX, matrix size of 256 ϫ 128, 24 ϫ 24 cm FOV) were acquired for anatomical localization.
In all functional imaging experiments, an interleaved echo-planar imaging (EPI) sequence (Butts et al., 1994) was adapted for RF encoding in the sliceselect direction (Yoo et al., 1999) . To reduce the contribution of inflowing spins, a uniform degree of magnetization was established by applying saturation RF excitation to thick regions on either side of imaging planes that were not adjacent to other selected imaging sections (Yoo et al., 1999) . Image encoding in the slice-select direction was performed as previously described using combinations of thin planes as the basic volume elements. For example, in our real-time implementation, 10-mm-thick slice profiles were constructed as the sum of four 2.5-mm-thick planes, whereas we used only two of our basic plane elements in the case of a 5-mm-thick slice. Any volume of interest could be probed as long as it can be represented as linear combinations of the 2.5-mm-thick planes.
In the real-time study, eight shots, each with 12 individually phase-encoded echoes, were acquired for each image. Echo data from each successive shot were interleaved to fill a 96 ϫ 96 k-space matrix. The FOV was 24 ϫ 24 cm, giving a nominal in-plane resolution of 2.5 mm. TE was 50 ms. TR and flip angle were variable depending on imaging stage. Although we could have changed the in-plane resolution for each image stage, we maintained it constant throughout the experiment. In the non-real-time fMRI studies, each image was acquired in 3.6 s (effective TR ϭ 900 ms, TE ϭ 45 ms, flip angle ϭ 60°). The 64 ϫ 64 k-space matrix was filled with echo data from four shots each with 16 individual phase-encoding steps. FOV was set to 192 mm ϫ 192 mm, with an in-plane resolution of 3 mm.
Data Processing for ROI Analysis
For ROI analysis, data from both real-time and non-real-time experiments were processed retrospectively. For consistency with the non-real-time experiments, only the first 50 sets of images from the realtime session were chosen for ROI analysis. Slow signal drift over the time series was removed by linear detrending. Pixel-by-pixel paired t test scores were calculated and converted to P values. The region-ofinterest was defined as voxels with significant activation (P Ͻ 0.001) at the lowest resolution. The signal change was calculated for each pixel with respect to the baseline signal. The standard deviation of the noise was estimated by computing the mean of the standard deviations of the signal computed separately for the stimulus and nonstimulus phases. In order to compare the degree of signal change during stimuli and the noise level for different slice thickness, the signal magnitude was not normalized.
Hardware and Software Configuration for Real-Time Adaptive System
To achieve a real-time environment for fMRI, we linked three external workstations to the MRI scanner. A schematic description of the system is shown in Fig.  2 . A communication control workstation (SUN SPARC 2, Sun Microsystems, Mountain View, CA) functioned as a relay for the transfer of data and pulse sequence parameters between a high-performance Sun Microsystems' Ultra Enterprise 6000 and the MRI scanner. Acquired MRI data and pulse sequence parameters were first passed between the scanner and the communication control workstation through direct memory access (DMA). The communication control workstation, in turn, communicated with the Ultra Enterprise via a local Ethernet. A third, general-purpose workstation (SUN SPARC 10) located adjacent to the scanner and connected via Ethernet to the high-performance computer was used as a front-end for data display and interactive control interface. Communication programs were coded in C. Data processing, display, and control interfaces were programmed using Matlab (The Mathworks, Inc., Natick, MA).
During real-time dynamic adaptive imaging, raw data were transferred to the Ultra Enterprise via the communication control workstation immediately after each acquisition. As soon as a complete set of image data was available, an image was reconstructed by the Ultra Enterprise and displayed on the general-purpose workstation. Real-time functional processing using correlation analysis was performed immediately after the image reconstruction using a recursive algorithm that includes linear trend removal (Cox et al., 1995) . The operator was able to view real-time computed correlation-coefficient maps and to adjust the threshold P value for display on the front-end workstation next to the scanner.
RESULTS

Real-Time Adaptive Functional MRI
The first sets of experiments were conducted to demonstrate the flexibility and versatility of the adaptive fMRI method. Each of the two subject studies consisted of five scan stages (see Fig. 1 ). The results from one subject (29 years old) are presented in Fig. 3 .
The First Stage: Identification of Volumes-of-Interest
In the first stage, eight 1-cm-thick coronal sections, covering a contiguous slab including pre-and postcentral gyri as well as the cerebellum, were acquired every 7.2 s. Functional maps were processed and displayed in real time, and at any time during the scan, the operator was able to specify one or more locations for zooming. Processing of data from the first stage demonstrated task-related activation in the contralateral (left) primary motor cortex and ipsilateral cerebellum (Fig. 3A) , leading to a choice of a volume-of-interest for the second imaging stage.
The Second Stage: Increasing Temporal Resolution
Four sections demonstrating activation were chosen for further characterization and imaged at higher temporal resolution in the second imaging stage. New RF pulses were computed and transferred to the scanner, and scanning continued at the four new locations without any interruption until activation was confirmed to operator satisfaction. The purpose of continuing the data acquisition with higher temporal resolution in the second imaging stage was to increase statistical confidence that there was activation within selected regions. As expected, P values declined in selected ROIs with the inclusion of additional data. The average P value in a 3 by 3 pixel-ROI in one subject went from 0.2 down to 0.6 ϫ 10 Ϫ4 in the sensorimotor area and in a cerebellar ROI from 0.25 down to 0.01. In the second subject's sensorimotor area, the average P value went from 0.1 ϫ 10 Ϫ4 to 0.3 ϫ 10 Ϫ5 and the cerebellar ROI from 0.4 ϫ 10 Ϫ2 down to 0.6 ϫ 10 Ϫ3 . The operator then elected to zoom into one slice in the motor cortex and one slice in the cerebellum for the third stage of imaging.
The Third and Fourth Stage: Spatial Zooming
In the third and fourth stages, two slices were chosen and resolved at higher resolution by halving the slice thickness (each selected slice was divided into two new sections). Thus, in the third stage, four 5-mm-thick sections were imaged every 4 s (Fig. 3C) . The scan continued until significant activation was observed consistent with the previous scanning. Two distinct areas of activation within the 10-mm-thick slice covering the left motor cortex were resolved in separate 5-mm slices in the third imaging stage of the adaptive procedure. Two of the 5-mm-thick sections were chosen for further characterization and split into 2.5-mm-thick slices with isotropic voxels (2.5 mm ϫ 2.5 mm ϫ 2.5 mm). At this point, activation was still detectable in the motor cortex, but no longer detectable in the cerebellum (Fig. 3D) .
The Fifth Stage: Spatially Variable Resolution
The flexibility of multiresolution imaging was demonstrated in the fifth stage (Fig. 3E) , in which the operator chose two different resolutions for the detection of primary sensorimotor and cerebellar motor activation (Fig. 1) . The primary sensorimotor cortex was imaged with two 5-mm-thick slices while the cerebellum was imaged with a single 10-mm-thick slice to confirm that activation was still present. As expected, the prominent activation in both motor and cerebellum was detected again. At this point, the locations of interest were being imaged every 3.2 s, over double the rate of imaging in the first stage of the adaptive procedure (Fig. 1) .
Quantitative Evaluation at Multiple Resolutions
From the real-time data (two ROIs in the motor cortex and one ROI from the cerebellar in one subject), several ROIs were chosen for further analysis. In Fig. 4 , the mean signal change, noise level, and contrast-tonoise ratio are presented for ROIs at each of three slice thicknesses. The results from the ROI analysis are presented as three vertically arranged rows of boxes, where each row represents the results of ROI analysis at a different slice thickness. The mean BOLD signal change and standard deviation of noise are written within each box. The contrast-to-noise ratio (CNR) is the number written under each box. An identical ROI analysis was applied on non-real-time data with results shown in Fig. 5 .
There were three major findings from the ROI analysis. They are as follows: (1) BOLD signal change was   FIG. 4 . Retrospective ROI analysis of real-time fMRI results at different slice thicknesses (10, 5, and 2.5 mm) on the data from a 29-year-old male. The location of the ROI (sensorimotor or cerebellar) is indicated at the top of each anatomical image. Two sites of activation (ROIs 1 and 2) seen in the 10-mm-thick slice were resolved further in the caudal and frontal directions in 5-mm-thick slices. The number of pixels in each ROI is indicated (P Ͻ 0.001). Unitless mean signal change and noise are shown with CNR. A schematic is shown for each ROI analysis with the three vertically arranged boxes representing the three levels of slice thickness. The top number in each box indicates the mean change (⌬S) in signal between stimulus and nonstimulus phases, and the bottom number represents the combined standard deviation of the signal . The ratio of the two numbers, equal to the CNR, is written below each box.
additive with increasing slice thickness, (2) noise increases with increasing slice thickness, and (3) CNR increases as slice thickness increases.
Our first major observation was that the BOLD signal appeared to be additive in the sense that the sum of the BOLD signal changes in two thin slices was approximately equal to the BOLD signal change in a thick slice covering the thinner slices. For example, in ROI 2 of Fig. 4 , the mean signal change in the 10-mmthick slice (995) was approximately equal to the sum of mean signal change for the same ROI in the 5-mmthick slices (76 ϩ 918 ϭ 994). The results from the non-real-time multiresolution study also showed a similar additive trend for all the levels of slice thickness. In ROI 1 of Fig. 5 , the mean signal change of 233 in the 12-mm-thick slice is approximately the sum of the BOLD signal in ROI 1 for the two 6-mm slices (115 ϩ 108 ϭ 223). Also, 115 is approximately the sum of the BOLD signal in ROI 1 from the two 2.5-mm-thick slices (46 ϩ 60 ϭ 106) and 108 is very close to the sum of 48 and 54, the BOLD signal from the other 2.5-mmthick slices.
Our second major observation from the ROI analysis is a tendency toward increased noise level as slices become thicker. This trend is especially evident when we look at the mean noise level for all ROIs in a sensory area as detailed in Table 1 . We measured the noise of ROIs in the background outside of the head and note that, in contrast to areas within the brain, the noise level was constant regardless of the variation in slice thickness.
The third major observation was that CNR increased with the increasing slice thickness. Any problem with loss of CNR due to partial volume effects or susceptibility dephasing was not evident at the slice thickness and FIG. 5. ROI (sensorimotor area, all 2 by 2 pixels) analysis of non-real-time fMRI results at different slice thicknesses (12, 6, and 3 mm) analogous to the format shown in Fig. 4 . ROIs 1 and 2 were from the 48-year-old male, and ROI 3 was from the 28-year-old male, and they were identified from the data with a 12-mm thick slice (P Ͻ 0.001). Slice positions in the experiment were arranged so that one 12-mm slice includes two 6-mm slices and the two 6-mm slices includes four 3-mm thick slices. The slice thickness that corresponds to the ROI analysis is shown on the right. location we used. It should be noted that, during the real-time adaptive imaging, the cerebellar ROI (ROI 3 in Fig. 4 ) chosen in the process of zooming from the 5-mm-thick slice to two 2.5-mm-thick slices had a CNR of only 0.5. Subsequently, there was no functional detection at 2.5-mm slice thickness due to the choice of the slice with low CNR. In retrospective analysis, we noted that the slice with higher CNR, from which we may actually have detected cerebellar activation at 2.5 mm, was not chosen for zooming by the operator.
DISCUSSION
We have designed and implemented an adaptive MR image acquisition scheme based on RF encoding in slice-selection direction with real-time data processing and transfer capability. It is worth noting that this real-time adaptive set-up was implemented on a standard 1.5-T scanner with conventional gradient systems (1 G/cm). We were therefore limited to using an interleaved EPI sequence. Adaptive encoding is intended to improve scanning efficiency with a variety of pulse sequences, including those used for standard fMRI. It is straightforward to modify a multislice, single-shot EPI sequence to enable adaptive fMRI at higher speed on imaging systems with more powerful magnetic gradients, and this approach can be applied to any field strength. Our research is currently focused on the implementation of real-time adaptive fMRI method on an EPI system with an attached dedicated dataprocessing platform, from which we hope to achieve isotropic 1.5-mm spatial resolution in a functional study in well under 10 min.
Adaptive imaging during finger tapping allowed simultaneous mapping of eloquent primary sensorimotor cortex as well as cerebellar regions using very few slice acquisitions. The activation sites detected were consistent with those previously described for similar tasks (Courchesne et al., 1994; Allen et al., 1997) . Activation in the cerebellum, which was seen in 10-and 5-mm-thick slices, was not detected at the higher resolution of 2.5-mm slice thickness. In the primary sensorimotor cortex, activation was detected at all three levels of resolution.
In the analysis of our results, we found that the absolute BOLD signal change was additive for slices up to 12 mm thick in a motor task and that noise increases with increasing slice thickness. The few exceptions where the BOLD signal was not additive (ROI 1 in Fig.  4 , zooming from 10-to 5-mm thickness) are possibly due to either inconsistency in task performance between each imaging stage by the subject or the difference in susceptibility-related signal losses at different slice thicknesses. The BOLD signal for the ROIs with CNR smaller than unity was, as expected, not additive because there was no statistically significant activation (noise is not expected to be additive).
In general, we found BOLD contrast to grow with slice thickness. This is contrary to the findings by Frahm et al. (1993) , who reported that the highest BOLD signal change was observed with thinner slices during photic stimulation. They argued that it is due to a reduction in partial volume effect. However, we suspect that this difference was rather due to in-flow effects, which are often significant especially for the thin slices (Duyn et al., 1994) . The unusually high signal change of up to 43% (at 2.0 T) reported by Frahm et al. (1993) may indeed indicate in-flow effects. In our study, the functional signal contrast remained within the limit of 7% with respect to the baseline signal , suggesting that in-flow effects were suppressed by our in-flow reducing RF pulses. We also observed that noise level in cortical areas increased when thicker image slices were used. We hypothesize that this is due to the presence of cardiac, respiratory, and other physiological variations that scale with increasing slice thickness compared to thermal noise, which does not.
The BOLD contrast-to-noise ratio is the important factor in detection of task-related activation. Increasing slice thickness may both increase the noise (if there is a strong physiological noise component) and decrease the BOLD contrast due to susceptibility-related signal loss (Yang et al., 1998) , thereby decreasing CNR. On the other hand, increasing slice thickness might, as we found, increase the BOLD signal due to larger pixel volume and thereby increase CNR if the noise level is relatively constant with slice thickness. We would, therefore, expect there would be an optimal slice thickness (resolution) for maximum BOLD CNR.
The analysis of CNR in our data showed higher functional CNR as slice thickness increases to 12 mm. The initial thickness of 12 mm was acceptable in the primary motor area, justifying the approach of lowering through-plane resolution for initial detection of the activation. To study other functional areas close to large static susceptibility gradients, it may be necessary to use a variable slice-thickness approach such as the multiple variable slab thickness method in order to reduce the susceptibility loss (Yang et al., 1999) . As we have previously shown (Yoo et al., 1999) , the RF encoding technique gives the necessary flexibility for implementing approaches with variable slice thickness.
In one case, we demonstrated two distinct foci of activation (ROIs 1 and 2 in Fig. 4 ) at higher resolution (i.e., 5-mm-thick slice) that appeared as one focus at lower resolution (i.e., 10-mm slice thickness). This finding supports the notion that even at 1.5 T, highresolution fMRI may be useful in improving delineation of areas of neuronal activation (Hoogenraad et al., 1999) . For example, the activated sites in primary sensorimotor cortex at 10-mm slice thickness segregated into two different sections (caudal and frontal) at the higher resolution of 5-mm slice thickness (dotted box in Fig. 4) . We cannot confirm that functionally separate brain areas have been resolved by this finer slicing. However, it is reasonable to assume that, if high in-plane resolution is useful to resolve distinct brain areas involved in similar but different functions (Nitschke et al., 1996; Kim et al., 1997; Kleinschmidt et al., 1997) , this should also apply to the through-plane direction. Furthermore, the adaptive multiresolution approach can just as easily be applied at higher field strength where high resolution has been shown effective (Jesmanowicz et al., 1998) .
Real-time adaptive imaging has three components: (1) image acquisition, (2) real-time processing of images and the detection of ROIs, and (3) real-time adaptation of imaging parameters based on ROI detection. In the particular implementation of real-time adaptive imaging demonstrated in this work, the detection of ROIs was enabled by a simple statistical measurement in combination with the somewhat arbitrary choice by a human operator. From our real-time results, it was noted that one 5-mm slice with high CNR in a cerebellar ROI (ROI 3 in Fig. 4 ) was unintentionally ignored in the process of zooming into 2.5-mm-thick slices in favor of a 5-mm-thick slice with much lower CNR. This demonstrates the necessity of careful attention by the operator for successful zooming. Premature zooming before the confirmation of activation in a ROI can lead to the missing of regions with significant activation. Some ''intelligent'' guidance on the part of the adaptive algorithm, for example, more sophisticated statistical analysis leading to automated ROI selection, is necessary and constitutes a further area for investigation.
It also should be noted that the adaptive multiresolution approach is based on the assumption that there is no substantial change in the location or the size of the original site of activation during the adaptive procedure. Therefore, it assumes that there is no physiological adaptation of cortical areas between each scan stage. For the block-based design, this assumption is accepted. However, the degree of activation in different regions of brain can change during motor learning and other complicated sensorimotor tasks (Jenkins et al., 1994; Kawashima et al., 1994) . The adaptive algorithm and the task paradigm under these conditions undergo a complicated interplay that requires further investigation.
Adaptive fMRI offers considerable added flexibility for the design of functional experiments. We have successfully implemented one such scheme for increasing temporal or spatial resolution of the fMRI data acquisition by zooming into selected slices-of-interest. Similar adaptive schemes can be used to characterize regions of interest with different MR contrast mechanisms, including MR spectroscopic imaging (Gonen et al., 1995; Kreis, 1997 ). An operator could, for instance, elect to pinpoint a functional location using an adaptive multiresolution approach and subsequently switch in real-time to the spectroscopic characterization of functional ROIs.
Adaptive selection of activated areas-of-interest could also enable sampling of a few selected locations-ofinterest at ultra-high temporal resolution to further the understanding of complex temporal relationships of the activation of multiple relays in distributed neural networks. An example of such a design approach might be to selectively study the temporal response of multiple functional regions. Certain cognitive tasks such as the motor response to a particular visual cue are believed to involve multiple brain regions including visual cortex (visual perception), frontal lobe (higher cognitive processing and memory), cerebellum (motor control/planning and attention), supplementary motor cortex, and motor cortex (motor execution) (Fox and Raichle, 1986; Courchesne et al., 1994; Kawashima et al., 1994) . The task-related hemodynamic responses in these areas and the temporal relationship between them are not yet understood in detail. It would be very useful if the signal changes of those areas could be monitored simultaneously with as high a temporal resolution as possible.
With a combination of fast scan techniques and real-time adaptive MRI, it may be possible to follow the response of such distributed regions with sufficiently high temporal resolution because imaging can be limited to the regions-of-interest regardless of how they are distributed throughout the brain. If the stimulation is carefully synchronized with the pulse sequence, the temporal behavior including rise-time of MR signal change in relation to the gated paradigm might be resolved more finely, shedding new light on the temporal dynamics of the hemodynamic response.
In summary, we have demonstrated how adaptive imaging can add flexibility to functional brain mapping protocols. Adaptive encoding is compatible with and can potentially enhance any fMRI experiment, irrespective of the pulse sequence, main field-strength, or the gradient system performance. Furthermore, by demonstrating that functional CNR increases with increasing slice thickness, we have validated our particular implementation of adaptive fMRI, multiresolution zooming. It is thereby conceivable that a real-time adaptive session could yield high-resolution delineation of ROIs in clinically reasonable times. Potential applications may include high-resolution fMRI in the context of planning of brain surgeries.
